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A simple method to explore the interaction of antihyperons in nuclei by exclusive hyperon–antihyperon
pair production close to threshold in antiproton nucleus interactions is proposed. Due to energy and
momentum conservation event-by-event transverse momentum correlations of the produced hyperons
and antihyperons contain information on the difference between their potentials. A schematic Monte
Carlo simulation is used to illustrate the sensitivities of the proposed method for the reaction 1.66 GeV/c
p¯12C → ¯. For produced D-meson pairs at 6.7 GeV/c the sensitivity of the transverse momenta
correlation will probably be too small to deduce differences between the potentials for D+ and D−
mesons. However, for ¯ pairs produced at 2.9 GeV/c the asymmetry is suﬃciently sensitive to predicted
differences between the  and ¯ potentials.
© 2008 Elsevier B.V. All rights reserved.Based on G-parity transformation [1] Dürr and Teller predicted
within an early form of a relativistic ﬁeld theory a strongly attrac-
tive potential for antiprotons in nuclei [2,3]. It is however obvious
that G-parity transformation can provide a link between the NN
and NN¯ interaction at most for distances where meson exchange is
a valid concept [4,5]. For distances lower than about 1 fm, quark
degrees of freedom may play a decisive role. The study of the po-
tential of antibaryons in nuclei may therefore help to elucidate the
role of the quark–gluon structure of baryons for the short-range
baryon–baryon force.
Early studies of antiproton–nucleus scattering cross sections
[6,7] showed however disagreement with such a strong attrac-
tive potential. Later, X-ray transitions in antiprotonic atoms [8–11]
(an overview on subsequent experimental studies can be found in
Ref. [12]) gave also hints for an attractive potential albeit with
large uncertainties [13,14]. Other analyses favor shallow real and
deep imaginary potentials (for example [15]). More comprehensive
studies [16] of antiprotonic X-rays as well as recent analyses of the
production of antiprotons in reactions with heavy ions resulted in
real attractive potentials in the range of about −100 to −150 MeV
[17–19].
Concerning baryons beyond SU(2), only for  hyperons reliable
information on their nuclear potential is available from hypernuclei
studies. No experimental information on the nuclear potential of
antihyperons exists so far. Mishustin and co-workers recently sug-
gested to study deeply bound antibaryonic nuclei via various char-
acteristic signals in their decay process [20,21], like the production
of multiquark–antiquark clusters, multifragmentation events with
strong radial ﬂow or sharp lines in meson spectra due to transi-
E-mail address: pochodza@kph.uni-mainz.de.0370-2693/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2008.10.016tions from the Fermi to the Dirac sea. From the experimental point
of view it is however not obvious whether these proposed observ-
ables will provide unique and quantitative signals of deeply bound
antibaryonic systems.
In this Letter we show that quantitative information on the
antihyperon potentials relative to that of the corresponding hy-
peron may be obtained via exclusive antihyperon–hyperon pairs
production close to threshold after an antiproton–proton annihila-
tion within a complex nucleus (Fig. 1). Once these hyperons leave
the nucleus and are detected, their asymptotic momentum distri-
butions will reﬂect the depth of the respective potentials. A deep
potential for one species could result in a momentum distribution
of antihyperons which differs from that of the coincident hyperon.
This situation is in line with the case of antiprotons produced in
heavy ion collisions close to threshold [17–19]. The advantage here
is, that we are dealing with a quasi stationary system having a
reasonably well deﬁned geometry and that the kinematics is de-
termined essentially by energy and momentum conservation of a
(nearly) two-body reaction. However, since in the p¯p center-of-
mass the distribution of the produced baryon–antibaryon pair will
usually not be isotropic, the analysis can rely only on the trans-
verse momenta of the outgoing baryons: because the initial average
transverse momentum is equal to zero and neglecting for the mo-
ment rescattering and the Fermi motion of the struck proton (both
effects will be discussed below) the magnitude of the transverse
momenta of the produced baryons and antibaryons will be equal
unless there is a difference in the effective potentials.
In the following we explore the inﬂuence of the potentials on
the transverse momentum distributions of the coincident hyper-
ons and antihyperons as well as on their event-by-event corre-
lations by means of a schematic Monte Carlo simulation. Albeit
crude, this classical approach allows to explore the role of differ-
J. Pochodzalla / Physics Letters B 669 (2008) 306–310 307Fig. 1. Scheme of the reaction proposed to explore the nuclear potentials of the
baryon and the antibaryon (top). The lower part shows the probability density
distribution of the impact parameter leading to the observation of a ¯ pair in
1.66 GeV/c p¯12C → ¯ reactions. In these simulations default parameters as dis-
cussed in the text have been used. For orientation the dashed line gives the as-
sumed radial density of the 12C nucleus (right scale).
ent features of the reaction in a transparent way. As an example
we consider the p¯12C → ¯ reaction at 1.66 GeV/c, where exist-
ing data [22,23] demonstrate the feasibility of such measurements.
Since the method relies essentially on momentum and energy con-
servation, an extension to other hadron–antihadron pairs produced
exclusively in antiproton–nucleus collisions close to their respec-
tive thresholds is straightforward. In future, such reactions can be
studied at the international Facility for Antiproton and Ion Re-
search FAIR [24] with e.g. the planned P¯ANDA experiment [25].
The absorption of the antiprotons entering the target nucleus
determines the points of annihilation inside the nucleus and the
paths which the eventually produced hyperons and antihyperons
have to pass inside the nucleus prior to emission. For the proton
density we adopted a Fermi-type distribution
ρ(r) = ρ0
1+ exp((r − r0A1/3)/d0) , (1)
where r denotes the radial distance from the center of the target
nucleus and A its mass number. For the radius parameter r0 and
the surface diffuseness d0 default values of 1.07 fm and 0.54 fm
were used [26]. Since in the following we focus on light nuclei,
equal neutron and proton density distributions were assumed.
The initial p¯p annihilation is controlled by an p¯N annihilation
cross section of 50 mb [27]. The lower part of Fig. 1 shows the
probability density distribution of the impact parameter leading to
the emission of a ¯ pair in 1.66 GeV/c p¯12C → ¯ reactions.
For orientation the dashed line gives the assumed radial density
proﬁle of the 12C nucleus. Because of the strong absorption of the
antihyperons, the emitted hyperon–antihyperon pairs are—unlike in
inclusive reactions [28,29]—created close to the corona of the tar-
get nucleus at an average impact parameter of 3.1 fm and a typical
density of 20 to 25% of the central nuclear density.
For both, the emitted ’s and the ¯’s the inverse of the aver-
age integrated path weighted with the local density along the path
〈∫ ρ ds〉−1 varies for the parameter range discussed in this Letter
in the range from about 800 to 1600 mb. For our default parame-
ters this value is about 1000 mb and thus signiﬁcantly larger than
the typical elastic cross sections in the relevant momentum range
of < 200 mb. As a consequence, re-scattering effects are expected
to be small and have been neglected in our model. Experimentally,Table 1
Scalar and vector potentials, S and V , used in the model calculations. The ﬁrst three
columns give the default values for p, p¯ and  hyperons used in the parameter
scans which are presented in Fig. 2 and Fig. 3. The values in the last 8 columns
were adopted from Refs. [38,39] and are used in the calculations shown in Fig. 4.
Potential p p¯  p p¯  ¯  ¯ D+ D−
V [MeV] 300 200 200 125 −125 84 −84 42 −42 −42 42
S [MeV] −342 −342 −228 −184 −184 −123 −123 −61 −61 −61 −61
V + S [MeV] −42 −142 −28 −59 −309 −39 −207 −19 −103 −103 −19
re-scattering effects with momentum transfers beyond the typical
Fermi momentum can possibly be reduced by constraining the az-
imuthal angle between the hadron and antihadron momentum.
In reactions close to threshold the Fermi motion of the protons
inside the nuclear target contributes signiﬁcantly to the ﬁnal mo-
menta. Hence the initial proton momentum was sampled from a
distribution
dP (p, θ,φ) ∝ (1+ e(E−EF )/kT )−1p2 sin(θ)dp dθ dφ, (2)
where a default Fermi energy E F corresponding to a momentum of
pF = 220 MeV/c was used [30]. Quasifree meson scattering exper-
iments suggest [31–33] that owing to the fact that the p¯p annihila-
tions happens in the periphery of the target nucleus at subsatura-
tion density, signiﬁcantly lower Fermi momenta may be expected.
We therefore varied pF in the range of 180 to 260 MeV/c. For
the diffuseness parameter a value of T = 1 MeV was used and
the maximum possible energy was determined by E F + EB , where
EB = 8 MeV denotes the typical nucleon binding energy.
Antilambdas produced in p¯p annihilations are emitted prefer-
entially in the direction of the incident antiproton [22]. For the
1.66 GeV/c p¯12C → ¯ reaction [22,34,35] the probability distri-
bution of the center of mass angle θcm of the outgoing antihyperon
can be described by:
dP (θcm) ∝ a0 + exp((cos θcm − 1)/b0)
1+ a0 d(cos θcm) (3)
with default values for the constant term a0 and the width b0 of
0.1 and 0.3, respectively.
Lacking any detailed experimental information it is plausible to
assume that the annihilation cross sections for antihyperons show
a similar momentum dependence as the p¯p system [36]. We there-
fore parameterized the absorption cross section of the ¯ as
σ ann
¯N
= (100 mb)/(p¯ + 1) (4)
with the ¯ momentum given in GeV/c. For the  hyperons a mo-
mentum independent inelastic cross section of 20 mb was adopted.
The energy and the momentum of the baryons propagating
within the nucleus are related according to [37]:
(E − V )2 = (M0 + S)2 + P2in. (5)
Here V and S denote the real part of the vector and scalar po-
tential, respectively. The relation between the momenta inside and
outside of the nuclear potential are approximated by
P2out + M20 =
(√
(M0 + S)2 + P2in + V
)2
. (6)
Refractive effects at the potential boundary were ignored. For sim-
plicity no momentum dependence of these potentials was consid-
ered in our schematic simulation. The default parameters for the
scaler and vector potentials of the various baryons at normal nu-
clear density ρ0 are listed in Table 1. For the proton and the 
hyperon (given by 2/3 of that of the proton) these values give rise
to typical total potentials of −42 and −28 MeV, respectively. For
the antiproton the summed potential is in the range of the more
recent experimental results [16–19].
308 J. Pochodzalla / Physics Letters B 669 (2008) 306–310Fig. 2. Transverse momentum of ¯ hyperons (open symbols) and  hyperons as a function of the total ¯ potential for different parameter sets. The dashed and solid arrows
mark the result for ¯ and  if all individual  and ¯ potentials are set to 0.Since the antiproton annihilation and the subsequent ¯-pair
production take place in the nuclear periphery at low densities ρ
(see Fig. 1), the local potentials are expected to be reduced. We
assumed for simplicity a linear density dependence ∝ ρ/ρ0 for all
vector and scalar potentials. All numbers for potentials quoted be-
low refer to the value at normal nuclear density ρ0.
In a last step a ﬁnite momentum resolution of 10% was applied
to mimic possible experimental uncertainties.
Fig. 2 shows the average transverse momenta of  hyperons
(closed symbols) and ¯ hyperons (open symbols) as a function of
the total ¯ potential V (¯) + S(¯) for various parameter sets. In
all plots the black points result from the default parameter set.
The transverse momenta of the ¯ hyperons drop with decreas-
ing depth of the total ¯ potential. For the  hyperons this drop
is even more pronounced. This surprising behavior can be traced
back to the imposed momentum conservation and the different
sign of the vector potentials for hyperons and antihyperons. Thus
within our schematic model an agreement between the transverse
momenta of hyperons and antihyperons would not necessarily im-
ply that both encounter identical potentials.
Even if all antihyperon and hyperon potentials are set to zero
one ﬁnds different average transverse momenta for ¯’s and ’s
of 225 and 215 MeV/c, respectively. They are marked by the
dashed and solid arrows in Fig. 2. This difference is caused by
the anisotropy in the θcm-distribution (Eq. (3)) and the relativistic
transformation of the isotropic Fermi momentum. We checked that
if either the assumed Fermi momentum distribution in the target
is switched off or if an isotropic θcm-distribution is assumed one
obtains equal average transverse momenta for  and ¯ hyperons.
The largest sensitivities to variations of the model parameters are
observed for the assumed Fermi momentum (upper right panel)
and the assumed anisotropy (left lower panel). For all other pa-
rameters the sensitivity of pT is signiﬁcantly weaker. Thus, the si-
multaneous measurement of transverse momenta of hyperons and
antihyperons can be used to adjust the Fermi momentum in the
calculations.
Studying only the average transverse momentum distributions
separately does obviously not allow to extract unambiguous in-formation on the potential of antihyperons. On the other hand, a
difference between transverse momenta of the coincident hadron
and antihadron within one event reﬂects directly the different po-
tentials. In order to study this correlation and to reduce the inﬂu-
ence of the center of mass angle θcm we suggest to explore the
transverse momentum asymmetry αT as a function of the longitu-
dinal asymmetry αL . Here, αT and αL are deﬁned for each event
in terms of the transverse and longitudinal momenta, respectively:
αT = pT () − pT (¯)
pT () + pT (¯)
, αL = pL() − pL(¯)
pL() + pL(¯)
. (7)
The Fermi motion of the struck proton inside the target may pro-
vide a total transverse momentum which will be different for each
event. However, in case the scalar and vector potentials of hyper-
ons and antihyperons are equal, the average 〈αT 〉 is expected to
be 0 except for small asymmetries caused by the combined effect
of the Fermi motion, the anisotropic angular distribution and the
different absorption cross sections for ¯’s and ’s.
The histograms in Fig. 3 show the average transverse asymme-
try 〈αT 〉 for various bins in αL . Calculations were done for three
different scalar potential S(¯) of −100, −200, and −300 MeV,
respectively. In each panel, the different colored histograms are
the results for total potentials of V (¯) + S(¯) = 0, −200 and
−400 MeV, respectively. Furthermore, in each plot calculations
with three different Fermi momenta of 180, 220, and 260 MeV/c
are overlaid. For all other parameters the default values were
used. Variations in the ﬁrst and last bins are partly caused by the
low number of events in these bins resulting in statistical errors
δαT  0.01 and 0.02, respectively. While the average transverse
momenta are very sensitive to the choice of the Fermi momen-
tum, the transverse momentum asymmetry is not. Using different
parametrizations of the Fermi motion (based e.g. on a local density
approximation) gave rather similar ﬁnal results provided the Fermi
momentum parameter was tuned to similar average transverse
hyperon and antihyperon momenta. Indeed, for a given  poten-
tial, αT is mainly determined by the total potential V (¯) + S(¯)
as indicated by the overlap of the histograms of the same color.
J. Pochodzalla / Physics Letters B 669 (2008) 306–310 309Fig. 3. Average transverse momentum asymmetry as a function of the longitudinal
momentum asymmetry for different parameter pairs of the scaler and vector ¯
potentials. In each panel calculations with 3 different Fermi momenta of 180 MeV/c
(dashed lines), 220 MeV/c (solid lines), and 260 MeV/c (dotted lines) are overlaid.
At negative values of αL the ¯ momenta are relative large and
consequently the sensitivity of αT to the potential is weaker.
The average transverse asymmetry is non-zero even if the to-
tal potential V (¯) + S(¯) = 0 (green histograms). A very similar
behavior is found even if all scalar and vector potentials for ¯
and  are set to 0. Like in the case of the average pT , this is
caused by the interplay between the isotropic Fermi motion and
the anisotropic cm-distribution and—although less important—by
the different absorption cross section. Also the assumed scaling of
the momentum resolution with the absolute momentum causes a
small positive correlation between αT and αL . We also checked
that the results are rather robust despite signiﬁcant changes—
by typically ±50%—of all other parameters like absorption cross
sections and (anti)proton potentials. Systematic relative shifts re-
mained usually below δα/α = ±0.15. Furthermore, neglecting the
momentum dependence of the ¯ absorption and assuming con-
stant absorption cross sections of 100 mb and 20 mb yields asym-
metries very similar to the momentum dependent cross section of
Eq. (4) scaled by a factor 1.5 and 0.5, respectively.
As already mentioned before, this kinematic method of trans-
verse momentum correlations can in principle be applied to each
hadron–antihadron pair produced exclusively in p¯A interactions.
As an example, the colored solid, dashed and dotted histograms
in Fig. 4 show the average transverse momentum asymmetry of
¯, ¯ and D+D− pairs produced in 1.66, 2.9 and 6.7 GeV/cFig. 4. Average transverse momentum asymmetry of ¯ (solid green line), ¯ (red
dashed line) and D+D− pairs (blue dotted line) produced exclusively in 1.66, 2.9
and 6.7 GeV/c p¯12C interactions, respectively. In these calculations the potentials
given in the last eight columns of Table 1 were used. The black solid, dashed and
dotted histograms are the result if all scalar and vector potentials of the produced
¯, ¯ and D+D− pairs are set to 0. Asymmetries identical to 0 in the ﬁrst and
last bins signal zero counts.
p¯ + 12C interactions, respectively. For simplicity, isotropic center-
of-mass distributions were assumed in case of the ¯ and D+D−
production. For the  and ¯ baryons the same absorption cross
sections as for the  and ¯ were adopted, whereas for D− and D+
mesons energy independent absorption cross sections of 10 and
90 mb, respectively, were taken. The scalar and vector potentials
were inspired by Refs. [38,39] and are listed in Table 1. To mimic
experimental effects a relative resolution for the momentum re-
construction of 5% was also taken into account.
For orientation, the black histograms in Fig. 4 show the asym-
metries if all scalar and vector potentials of the outgoing hadrons
and antihadrons are set to 0. While for ¯ (dashed) and D+D−
pairs (dotted) these histograms are symmetric around αL = 0, it is
not the case for ¯ pairs (solid line). As already mentioned be-
fore, this is caused by the assumed anisotropic c.m.-distribution of
the ¯ production.
Also these calculations conﬁrm the robustness of the transverse
momentum asymmetry with respect to variations of the model pa-
rameters: as expected from the similar values for S and V (Table 1),
the asymmetries for the ¯ pairs (green histogram in Fig. 4) are
indeed close to the red histograms shown in Fig. 3. We also would
like to note that a quite similar result is found for 
−
¯+ pairs. In
a purely classical, non-relativistic picture the asymmetry is of the
order of U/(4E0), where U is the potential difference and E0
the typical kinetic energy of the hadrons. In line with this consid-
eration the large laboratory momenta of the  hyperons and the D
mesons explain the smaller asymmetries for the heavier particles.
To demonstrate the experimental feasibility of the proposed
measurement one may consider as an example the bins of 0.25
αT < 0.5 and 0.5  αT < 0.75 where a sizable asymmetry is pre-
dicted. Depending on the choice of parameters these bins contain
approximately 6–10% and 1–3%, respectively, of the total number
of events. The αT -distributions have a typical width of 0.3. At the
expected ¯ detection rates at P¯ANDA [41] measurement periods
of a few minutes will be suﬃcient to reach a relative statisti-
cal uncertainty of better than 10% for αT within these two bins.
Given the relative large cross section for pp¯ → ¯ at 2.9 GeV/c
of ∼ 1 μb [40] the sensitivity of the transverse asymmetry (dashed
310 J. Pochodzalla / Physics Letters B 669 (2008) 306–310histograms in Fig. 4) is suﬃciently large to explore the ¯ pair
production at the future FAIR facility. In case of ¯ pairs a mea-
surement of αT with a precision of 10% in the same two bins
will require typically 2 and 10 hours, respectively. For D-meson
pairs, however, the large momenta relative to the target remnant
(> 3 GeV/c) and the low production cross section (∼ 10 nb) casts a
meaningful measurement of the transverse momentum asymmetry
in doubt for the case of the potential difference of ≈ 50–100 MeV
given in Table 1 (cf. the dotted black and dotted blue histograms in
Fig. 4). Only for signiﬁcantly deeper potentials than the ones listed
in Table 1 a measurable asymmetry can be expected. But even then
the estimated measurement periods will signiﬁcantly exceed one
month.
The fact that energy and momentum conservation are the main
ingredient of the proposed method raises hope that similar results
might be obtained by more realistic calculations taking for ex-
ample the momentum dependence of the potentials into account.
Since most of the emitted hyperon–antihyperon pairs are created
in the nuclear periphery at subsaturation density, a neutron skin
of neutron rich target nuclei may help to explore different effective
potentials. Signiﬁcant deﬂections at the potential boundary which
are ignored in the present work may be at least partly eliminated
by demanding that the target nucleus remains intact. Furthermore,
it may be interesting to study questions related to e.g. the forma-
tion time [42] by using target nuclei of different size.
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